Three thousand eight hundred ninety-nine P-turns have been identified and classified using a nonhomologous data set of 205 protein chains. These were used to derive &turn positional potentials for turn types I' and 11' for the first time and to provide updated potentials for formation of the more common types I, 11, and VIII. Many of the sequence preferences for each of the 4 positions in turns can be rationalized in terms of the formation of stabilizing hydrogen bonds, preferences for amino acids to adopt a particular conformation in 4, rC. space, and the involvement of turn types I' and 11' in &hairpins. Only 1,632 (42%) of the turns occur in isolation; the remainder have at least 1 residue in common with another turn and have hence been classified as multiple turns. Several types of multiple turn have been identified and analyzed.
131 (120) 38 (30) 142 (120) 139 (120) 131 (135) -33 (-30) -126 (-120) 84 (80) 78 ( a Ramachandran nomenclature for turn type as in Wilmot and Thornton (1990) . The nomenclature describes the regions of the Ramachandran plot occupied by residues i + 1 and i + 2 of the turn.
Using normal cutoffs of 30" for deviation from standard angles, with one angle allowed to deviate by 45". Allowing up to 40" deviation from standard angles, with one angle allowed to deviate by SO". The idealized 9, $ values as determined by Lewis et ai. (1973) are given in parentheses after the averaged values determined from the data set. The values for the type VI turns are taken from Richardson (1981) . Types VIal and VIa2 are the two subclasses of type Vla turns identified by Richardson (1981) .
positional preferences. The averaged dihedral angles of residues i + 1 and i + 2 in each of the classes are rather similar to the ideal values ( Table 1) . Table 2 shows the positional potentials and the overall turn potentials for each residue. These indicate the preference for each for occurring in a turn generally and are averaged over all turn types. The residues are ranked in order of decreasing hydrophobicity. Generally hydrophilic residues are more likely to occur in turns than hydrophobic residues, as turns tend to be on the solvent-exposed surface of proteins. Glycine, proline, asparagine, and aspartic acid are particularly favored in turns, and the reasons for this will be discussed later in terms of preferences for individual turn types. There are considerable differences between the potentials at each position; for example, proline is favored at the first 2 positions of turns, whereas glycine is favored at the last 2 positions, and asparagine and aspartic acid are most strongly favored at positions 1 and 3. Again, these can only be rationalized in terms of individual turn types. However, the data presented in Table 2 can be used for assessing the likelihood of a particular sequence to form a turn generally, independent of type.
Positional potentials
Residue frequencies and type-dependent positional potentials for positions i to i + 3 of each of the turn classes, again ranked in order of decreasing hydrophobicity, are shown in Table 3A , B, C, D, E, and F. Values that are significant at the 5% level ( d 2 1.97) are indicated by asterisks (*), and significantly high values are in bold typeface. Potentials were not calculated for types VIa and VIb due to the small number of examples in each of these classes, and only the residue frequencies are shown in Table 3F .
For types I, 11, and VI11 turns the sequence preferences agree broadly with the very detailed previous analyses. Some weak preferences have disappeared or become stronger. Only the most significant preferences that can be rationalized are discussed below.
Type I turns
Previously we had observed a strong preference for side chains that can act as hydrogen bond acceptors (Asn, Asp, Cys, Ser) at position i. These stabilized the turn by forming a hydrogen -o ---o ? 9 \ 4 9 9 ? \ 4 ? 9 P "
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-rrtm~w~~~com-r-~r--m~~c- bond with the main-chain nitrogen of the third residue in the turn. In this case, the side chain and main chain of residue i, together with residues i + 1 and i + 2, form another turn-like structure known as the "Asx turn" (Rees et al., 1983) . The new data also show a preference for histidine at this position, and this residue can fulfill the same role. Seven of the 45 examples of histidine at position i hydrogen bond to the NH of the central peptide (see Fig. 1 ). A further 8 examples are stabilized by the histidine side chain forming hydrogen bonds to other residues in the turn. Proline is also preferred at position i, and this may be due to the high occurrence of multiple turns (see later). Proline is by far the most favored residue at the second position because of the restriction on + to about -60". The other preferred residues at this position (glutamic acid and serine) can stabilize the + angle by forming a hydrogen bond between the oxygen atoms on their side chains and the main-chain amide (see Fig. 2 
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At position i + 2, aspartic acid, asparagine, serine, and threonine are favored. Analysis of +, $ distributions of residues in high-resolution, good-quality protein structures (Laskowski et al., 1993) shows that these residues are more likely than most residues to adopt the correct conformation for this position (+ = -90°, $ = 0') in the turn. This is at the edge of the "bridge" region between a-helical and @-sheet regions of the Ramachandran
The new data confirm glycine as the only residue to show a preference for being at position i + 3. Although the +, $ angles at position i + 3 do not cluster around a single value as they d o at positions i + 1 and i + 2, the aL conformation is unusually common at this position in type I turns (data not shown). Indeed, the majority of glycines at this position do adopt the a L or E conformations. This contrasts with the conformations of glycine at position i, for example, which are more scattered. An aL conformation at position i + 3 does facilitate the return of the polypeptide chain to run antiparallel to its original direction plot. after completion of the turn, and this may be the reason for the preference for glycine at this position.
Type I1 turns
No strong preferences were previously identified for position i.
In this analysis, proline and tyrosine residues are favored at this position, but there is no obvious explanation for this. As for type I turns, proline is strongly favored at position i + 1 because the + angle at this position (-60") corresponds to the preferred value for proline. In type I1 turns, lysine is also common. The reason for this is unclear; the lysine residues do not appear to be involved in any local interactions; rather they form hydrogen bonds with residues elsewhere in the structure or with solvent molecules. As observed previously, position i + 2 is dominated by glycine and to a lesser extent asparagine because these residues most readily adopt the aL conformation. At the i + 3 position, cysteine, serine, and lysine are favored. Turns involving serine can be stabilized by hydrogen bonding of the serine side chains to the main chain of the first residue in the turn. The lysine side chain is only involved in local hydrogen bonding in about 25% of cases, and most of these involve hydrogen bonds to residue i -1 (i.e., the residue before the first residue in the turn). There is no obvious reason for the preference for cysteine, but the potential calculated for this residue is artificially high because 4 of the 13 examples observed belong to similar regions of wheatgerm agglutinin.
Type VZII turns
These are the most common nonclassic @-turns. The +, $ requirements at position i + 1 are identical to type I turns, whereas residue i + 2 is in the PE region of the Ramachandran plot, rather than aR as in the type I turn. At position i, the only significant preferences shown are for proline and glycine. As in type I turns, proline is favored at position i + 1 due to the +, $ [ Tainer et al., 19821) . The plots were generated using constraints at this position. Aspartic acid is also favored at this position because it can stabilize the 4 angle by the 0 6 atom of the side chain interacting with the main-chain amide. Unlike serine and glutamic acid at position i + 1 of type I turns, no hydrogen bonds are formed in this case. At position i + 2, significant preferences are observed for asparagine and aspartic acid. The side-chain 0 6 atoms of both these residues can hydrogen bond to the main-chain nitrogen of the first residue beyond the turn (residue i + 4) (Fig. 3 ). This forms a classic "Asx turn" (Rees et a] ., 1983) analogous to that discussed for position i of type I turns. An alternative stabilizing hydrogen bond can be formed with the main chain of residue i + 3. More surprisingly, there is also a preference for hydrophobic residues: valine and, less significantly, phenylalanine and isoleucine. These residues may be favored because they prefer to adopt the 0 conformation, which is required at this position (Chou & Fasman, 1974) . As observed previously, proline is the dominant residue at position i + 3; it encourages the formation of a type VI11 rather than a type I turn by restricting the conformation of the previous residue to 0. Threonine is also common at this position.
There is no obvious reason why this residue in particular should be preferred. However, most of the examples observed are associated with the beginning or end of a 0-strand, consistent with the PE conformation of residue i + 2, and threonine does show a preference to be in &sheets.
Sequence preferences for type I' and 11' turns were not previously analyzed due to insufficient data. Now, although the numbers involved are still smaller than the other turn types, some significant preferences are observed.
Type I' turns
It has already been observed that short 0-hairpins frequently incorporate type I' turns (Sibanda & Thornton, 1985) . Of the 127 examples of these turns in the current data set, 57 (45%) are involved in short 2:2 hairpins (Kinemage l), and a further 18 (14%) are involved in longer hairpins. This may explain the preference for 0-sheet-preferring residues to be in the first position of type I' turns. Tyrosine is the only residue to show a significant preference to be in this position, but the potentials for valine and isoleucine are also high. The majority of these residues (Tyr 10/12; Ile 8/11; Val 8/13) do occur in short 0-hairpins, and would represent the final residue of a 0-strand. At the 2 central positions, the residue preferences are dominated by the restrictions on the 4,$ angles to the aL (residue i + 1) and yL (residue i + 2) regions of the Ramachandran plot. At position i + 1, asparagine, aspartic acid, and glycine are favored, whereas glycine is the dominant residue at position i + 2. Histidine is also strongly preferred at position i + 1, although the number of examples is quite small. However, this residue shows no preference for the aL conformation, and there are no distinctive hydrogen bonding patterns involved. Charged and polar residues are favored at position i + 3, with lysine the most popular. The reason for this is not clear because these residues do not appear to make any hydrogen bonding or electrostatic interactions with other residues in the turn. The side chains of the arginine residues in this position do form hydrogen bonds to residues around and within the turn, but there is no definite pattern.
Type II' turns
These turns are also involved in 0-hairpins. Of the 90 examples of type 11' turns, 34 (38%) are involved in 2:2 hairpins and a further 18 (20%) are part of longer 0-hairpins. As for type I' turns, tyrosine shows a significant preference to be in the first position, and valine is more weakly preferred. At position i + 1, the 4, $ angles are constrained to be around +60°, -120°, and hence the vast majority of examples have glycine in this position. Aspartic acid, asparagine, and serine are all favored in position i + 2. These residues show a preference for adopting the correct 4, $ conformation (4 = -80, $ = 0') as was discussed for position i + 2 in type I turns. Threonine and glycine are the only preferred residues at position i + 3 of type I1 turns. Five of the 12 examples involving threonine are stabilized by forming a hydrogen bond from the OY1 atom of threonine to the oxygen of the main chain at position i (Fig. 4) . There is no obvious reason for the preference for glycine; unlike the corresponding position in type I turns, there is no preference for the aL. conformation at position i + 3 of type 11' turns.
The type VI turns occur very infrequently, and thus it is not possible to draw conclusions about the sequence preferences for these turns. Positional potentials were not calculated in these cases, but Table 3F shows the frequency of occurrence of each residue in the different positions of type VIa and VIb turns (see Kinemages 4 and 5 ) .
Multiple turns
Only 42% of the 3,899 0-turns identified occur in isolation (file Single.trn in the SUPLEMNT directory); the remainder are involved in multiple turns (file Multiple.trn) in that they have at least 1 residue in common with another turn (Table 4 ; Kinemage 2). Double turns are the most common multiple turns. Of these, the (I, I + 1) double turns, which consist of 5 residues such that residues 1-4 and residues 2-5 form turns, occur most frequently.
An analysis of the classes of turn involved in the (I, I + 1) dou- , 19811) . The plots were generated using MOLSCRIPT (Kraulis, ble turns is shown in Table 5 . Many combinations are disallowed because of the incompatibility of the $J,$ angles of residue i + 2 of the first turn and residue i + 1 of the second turn. These are indicated by dashes in Table 5 . For the other combinations, the expected number of examples, based on the total frequency of the turn classes (Table l) , is shown in parentheses after the number of observed examples. Three turn combinations occur with an unexpectedly high frequency (indicated by bold typeface in Table 5 ). Double turns consisting of type IV overlapping with type I' turns occur more than 10 times as frequently as expected. In the majority of these examples (59 of 63), the i + 1 residue of the lustrating the hydrogen bonding between the 07, atom of the threonine residue and the main-chain oxygen of residue i (small dotted line). The hydrogen bond at the main-chain oxygen is bifurcated, as it also accepts a hydrogen bond from the main-chain N-H of the threonine (larger dashed line). The example is taken from residues 19 to 22 (Asn-GluHis-Thr) from chain 2 of foot and mouth disease virus (Brookhaven code IBBT [Acharya et al., 19891) . The plots were generated using MOLSCRIPT (Kraulis, 1991) .
type IV turn is in the @E conformation, and these turns correspond to the distorted type I1 turn (&Y) previously described (Wilmot & Thornton, 1990) . The vast majority of these distorted type 11-1' double turns occur in 2:2 @-hairpins ( Fig. 5A ; Kinemage 1); indeed most of the I' turns observed to be part of a @-hairpin do not occur in isolation but form part of these double turns.
Double type I turns are quite common; these are similar to 2 successive turns of a 3,,,-helix ( Fig. 5B ; Kinemage 3). As discussed earlier, proline is quite common at position i of a type I turn (Table 3A) ; 9 of the 76 examples with proline at this position occur as the second half of a double type I turn. The proline then acts additionally as the second residue ( i + 1) of a type I turn, where it is preferred. Thus, the high frequency of double type I turns provides an explanation for the high occurrence of proline at position i of type I turns. The third common class of double turns consists of the rare type VIa followed by type IV (Kinemage 4). This occurs 6 times as frequently as expected; in fact, 40% of the type VIa turns in the data set are involved in such a double turn. Unlike the other common classes of double turn, in this case there appears to be 
a The row indicates the turn type of the first 4 residues in the turn; the column indicates the turn type of the last 4 residues in the turn. Dashes indicate turn combinations that are disallowed because of conflicting $, $ criteria. The expected number of each allowed combination is indicated in parentheses. Values that are considerably higher than expected are indicated by bold typeface. no preferred conformation for the type IV turn, and these double turns are not involved in any single structural motif. Rather these double turns have variable conformation. All the type VIa turns have proline in the third position, which is the least favored position for a proline in turns. However, the second overlapping turn will have proline in the second position, which is the most favored position. Thus, formation of a double turn may stabilize the relatively unfavorable type VIa turn. An example of one of these double turns is shown in Figure 5C .
For the remaining classes of double turns, the degree of overlap is lower and there is no restriction on class imposed by the 4 , $ angles alone. Thus, it is not surprising that the combinations of turn class involved in these double turns show few departures from what would be expected based on the overall frequencies of turn classes in Table 1 .
For triple and higher orders of multiple turn, the number of examples is much lower. The majority of these multiple turns are heterogeneous, consisting of various combinations of the (I, I + I), (I, I + 2), and (I, I + 3) double turns; Kinemages 6 and 7 show two quite different cases. Only triple turns consisting of 2 overlapping (I, I + 1) double turns occur reasonably frequently.
Conclusions
The conformations and sequence preferences for each class of P-turn are summarized in Figure 6 . Most of the preferences described can be rationalized in terms of preferred conformations of particular residues and the formation of hydrogen bonds or other interactions that stabilize the turn. For type I' and 11' turns, some of the preferences for the end residues can be explained by the involvement of these turn types in 0-hairpins. A number of preferences cannot be explained using these mainly local factors. This is not surprising because the formation of a particular turn type is also affected by long-range interactions within the protein and with the solvent (e.g., Mattos et al., 1994) . The high frequency of multiple turns in the data set provides at least 1 example of turns being involved with more than the basic 4 residues. The turn propensities described here will be useful in turn prediction and in design of 0-turn mimetics and novel proteins. These are available by anonymous ftp from the /pub directory at IP address 128.40.46.39.
Methods
A nonhomologous data set of 205 protein chains from the April 1993 release of the Brookhaven Protein Data Bank (Bernstein et al., 1977) was used in the analysis; they are listed in file TurnPBBht in the SUPLEMNT directory on the Diskette Appendix. The protein chains were selected so that no 2 chains had more than 35% sequence identity. Structural analogues were eliminated from this data set using the structural alignment program SSAP (Orengo et al., 1992) .
Main-chain dihedral angles and hydrogen bonds were calculated using a slightly modified version (D.K. Smith, unpubl. data) of the DSSP algorithm (Kabsch & Sander, 1983) . @Turns were defined and classified as in Wilmot and Thornton (1990) .
Turns were defined as 4 consecutive residues (i to i + 3) with the distance between Cy and Cp,, < 7 A, and where the central residues were not helical. Because some distorted helices may not be classified as helix by DSSP, turns whose central residues were assigned as helical by the crystallographers were also excluded. We subsequently eliminated "turns" that satisfied the above criteria, but where all 4 residues were assigned as 0-sheet (by DSSP). As noted previously (Wilmot & Thornton, 1988) , many of these form 0-bulges and may have different sequence preferences to &turns. The remaining turns were grouped into 7 classes using the @ and $ angles of residues i + 1 and i + 2. These angles were allowed to vary by k30" from the ideal values for each class, with one angle being allowed to deviate by as much as 45" (Lewis et al., 1973) . The definitions used for the 4, $ angles of the type VI turns were taken from Richardson et al. (1981) . The two subclasses of type VIa turns identified by Richardson have been called VIal and VIa2 turns in this paper. In addition, for the type VI turns the i + 2 residue had to be a cisproline. The miscellaneous category, type IV, contained all the remaining turns that were not assigned to any of the other categories. A second classification was done using less stringent tol- The @-turns were also classified automatically according to whether they occurred as single turns or as part of a multiple (i.e., overlapping) turn. A turn was defined to be part of a multiple turn if it had at least l residue in common with another @-turn. The original classification of multiple turns (Isogai et al., 1980 ) was extended and used to classify double turns. (I, I + 1) double turns consist of 2 turns beginning at consecutive residues, i.e., beginning at residues i and i + 1. Correspondingly, the (I, I + 2) double turns consist of 4-residue turns beginning at residues i and i + 2. These were termed "successive turns" by Isogai et al. (1980) . The (I, I + 3) double turns, not previously analyzed, consist of pairs of turns beginning at residues i and i + 3. Multiple turns of higher order, viz. triple, quadruple, etc. turns, were analyzed in terms of combinations of these basic types.
